The association between selective serotonin reuptake inhibitor (SSRI) antidepressant use during pregnancy and risk of persistent pulmonary hypertension of the newborn (PPHN) has been controversial since the US Food and Drug Administration issued a public health advisory in 2006.
persistent pulmonary hypertension of the newborn (PPHN) typically occurs in term or near-term infants and presents within hours of birth with severe respiratory failure requiring intubation and mechanical ventilation. 2 Persistent pulmonary hypertension of the newborn is associated with substantial morbidity and mortality: 10% to 20% of affected infants will not survive, and infants who survive face serious longterm sequelae including chronic lung disease, seizures, and neurodevelopmental problems due to both the hypoxemia and the aggressive treatments it often requires.
1, [3] [4] [5] [6] In 2006, the US Food and Drug Administration (FDA) issued a public health advisory on a potential increased risk of PPHN associated with late pregnancy exposure to selective serotonin reuptake inhibitors (SSRIs) based on a single epidemiologic study that found a 6-fold increase in risk associated with SSRI use after the 20th week of pregnancy. 7, 8 Based on a review of additional studies with conflicting findings (2 studies reported an increase in risk, whereas 3 did not), the FDA concluded in 2011 that it was premature to reach any conclusion about a possible link between SSRI use in pregnancy and PPHN and updated the advisory accordingly. [9] [10] [11] [12] [13] The negative studies tended to be small, raising the possibility that they had insufficient power to detect an increased risk.
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Given the ongoing controversy regarding the association between SSRI exposure in late pregnancy and the risk of this highly morbid pregnancy outcome, we examined the risk of PPHN associated with both SSRI and non-SSRI antidepressants in a large cohort of publicly insured pregnant women across the United States.
Methods

Data Source and Study Cohort
The study cohort was extracted from the Medicaid Analytic eXtract (MAX) for 46 US states and the District of Columbia for 2000-2010. Montana, Connecticut, and Michigan were excluded because of insufficient data to create a linked cohort of mothers and infants, and data from Arizona were not available. The MAX data set records demographic and Medicaid enrollment information for all Medicaid beneficiaries, as well as their health care use including recorded diagnoses and procedures for all physician services and hospitalizations and filled outpatient medication prescriptions.
The approach used for the development of our study cohort has previously been described in detail. 14 We identified all completed pregnancies in women aged 12 to 55 years and linked these pregnancies to live-born infants. We estimated the date of last menstrual period (LMP) based on the delivery date and diagnostic codes for preterm delivery using a validated algorithm. 15 To ensure complete ascertainment of exposures, outcomes, and covariates, we required all women to be Medicaid eligible, without supplementary insurance, restricted benefits, or certain capitated managed care plans that underreport claims to MAX, from 2 months or fewer after the LMP through at least 1 month after delivery.
Antidepressant Medications
The hypothesized etiologically relevant window for exposures that might lead to PPHN is early in the third trimester to delivery. 16 To avoid differential opportunity for exposure in term and preterm pregnancies, the exposure window for the study was therefore defined from 90 days before delivery through delivery. Women were considered exposed if they filled at least 1 prescription for an antidepressant medication during this time frame. Antidepressants were classified as SSRI therapy and non-SSRI therapy (see eTable 1 in the Supplement for a list of medications). Women exposed to both SSRIs and non-SSRIs were excluded from the cohort. The reference group consisted of women without exposure to antidepressants at any time during pregnancy. To facilitate comparison with earlier studies, we also conducted an analysis in the subgroup of term deliveries in which women were considered exposed if they filled a prescription after the 20th week of pregnancy.
Persistent Pulmonary Hypertension of the Newborn
Persistent pulmonary hypertension of the newborn was defined based on the presence of inpatient International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9) diagnostic codes for persistent fetal circulation (747.83) or primary pulmonary hypertension (416.0x) in the maternal or infant records during the first 30 days after delivery. We used both maternal and infant codes because an infant's claims may be recorded under the mother's identification number for the first several months after birth. 17 Although PPHN is typically diagnosed at birth, we extended the window to 30 days after delivery to allow for late submission of health care claims. The positive predictive value (PPV) for this outcome definition was 89.6% in a validation study based on primary medical record review in cases treated at the delivery hospital.
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To assess the relationship between antidepressant medications and PPHN due to pulmonary vascular remodeling or maladaptation to circulatory transition (referred to hereafter as primary PPHN), we conducted additional analyses excluding infants with congenital cardiac malformations (except for those expected to be secondary to PPHN, such as patent ductus arteriosus, patent foramen ovale; eTable 2 in the Supplement) or lung abnormalities (ie, pulmonary hypoplasia, congenital diaphragmatic hernia because it could compress the lungs), and restricted the cohort to term deliveries. This definition resembles that of previous publications.
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Covariates Information on comorbidities and other medications was obtained during the baseline period (any time before the end of pregnancy), unless otherwise noted. Covariates considered for confounding adjustment included year of delivery, age, race, multiple gestation, antidepressant indications (depression, other mental health disorders, pain-related diagnoses, migraine, sleep disorders, premenstrual tension syndrome, smoking, chronic fatigue syndrome), proxies for depression sever-ity (number of outpatient and inpatient depression diagnoses), other chronic maternal illness (hypertension, preexisting diabetes, gestational diabetes, epilepsy, renal disease, asthma, obesity), other psychotropic medication use (anticonvulsants, antipsychotics, anxiolytics, benzodiazepines, other hypnotics, barbiturates, lithium), antidiabetic, antihypertensive and asthma medications, and nonsteroidal anti-inflammatory drugs. The number of distinct prescription drugs excluding antidepressants dispensed, number of physician outpatient visits, and number of hospital days (measured between 60 and 140 days after LMP to avoid measuring health care use intensity during the exposure window) were used as a general marker of comorbidity. 20 Cesarean delivery was not adjusted for because it has been shown that conditioning on such an intermediate perinatal factor is susceptible to overadjustment bias.
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Data Analyses
We compared the sociodemographic, clinical, and health care use characteristics between exposure groups and determined the frequency of PPHN in exposed and unexposed women. Logistic regression analysis was used to estimate odds ratios (ORs) and their 95% confidence intervals (CIs) for PPHN associated with antidepressant exposure. Results are presented for 4 levels of adjustment: (1) unadjusted, (2) restricted to women with a depression diagnosis to control for the potential effect of the underlying illness or factors associated with it, (3) restricted to women with a depression diagnosis, using propensity score stratification to further control for proxies of depression severity and other potential confounders, 23 and (4) restricted to women with a depression diagnosis, using high-dimensional propensity score stratification to further reduce residual confounding by controlling for proxies of unmeasured confounders. 24 Propensity scores were determined based on logistic regression models that estimated the probability of having filled a prescription for an antidepressant medication on the basis of all covariates listed above. Discrimination between treated and untreated patients was measured by the area under the receiver operating characteristic curve or C statistic, which ranges from 0.5 (no discrimination) to a theoretical maximum of 1 (perfect discrimination). We created 100 propensity score strata of equal width, removed strata that did not contain at least 1 treated woman and 1 untreated woman because they are uninformative, and stratified the outcome models by these propensity score strata. 25 The high-dimensional propensity score algorithm evaluates thousands of inpatient and outpatient diagnoses, procedures, and pharmacy claims and prioritizes those covariates that may act as proxies for unmeasured confounders. These empirically identified confounders (n = 200) were combined with the investigator-specified covariates listed above in a propensity score model to improve confounding adjustment.
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Sensitivity Analyses
To evaluate the statistical effect of potential exposure misclassification, we redefined exposure status as having filled at least 2 prescriptions during the 90 days before delivery. To evaluate the statistical effect of potential outcome misclassification as well as the potential association between exposure and the severity of the condition, we restricted the outcome to cases of severe PPHN, defined as a diagnosis of PPHN in the presence of a procedure code for respiratory assistance, extracorporeal membrane oxygenation, or inhaled nitric oxide therapy. To help assess whether outcomes were properly ascertained, we also evaluated some known associations in our data set, between maternal diabetes, obesity, cesarean delivery, black race, and PPHN. 19, 26 Precision around the estimates of absolute risk and the measures of association are provided using 95% confidence intervals. We added the current study to the most recent metaanalysis evaluating the association between SSRI use late in pregnancy and PPHN, which included 5 nonrandomized studies and estimated a pooled OR of 2.50 (95% CI, 1.32-4.73). 27 We assessed between-study heterogeneity on the basis of the χ 2 statistic and the I 2 statistic, and, consistent with the approach used in the original analyses, we pooled estimates using the DerSimonian and Laird random effects model. We conducted the analysis under 2 alternative scenarios: (1) using our basecase estimate, and (2) using our estimate for primary PPHN. All analyses were conducted using SAS Software, version 9.3 (SAS System for Unix, SAS Institute Inc). The research was approved by the institutional review board of Brigham and Women's Hospital, which granted a waiver of informed consent.
Results
Among 3 789 330 eligible pregnancies, 128 950 women (3.4%) used an antidepressant during the 90 days before delivery: 102 179 (2.7%) were exposed to an SSRI and 26 771 (0.7%) to a non-SSRI antidepressant.
There were substantial differences in the baseline characteristics of the patients exposed to antidepressants compared with those unexposed ( Table 1) . Compared with women who took no antidepressant, women who filled a prescription for an antidepressant were more likely to be older and white, to use other psychotropic medications, to have a chronic illness, to be obese, to be smokers, and to have greater health care use. Baseline characteristics were more comparable between users of SSRI and non-SSRI antidepressants, although the non-SSRI users had a higher burden of illness overall, having more comorbidities, comedication use, and greater health care use. Antidepressant users were more likely to deliver preterm and by cesarean.
Overall, 20.8 (95% CI, 20.4-21.3) per 10 000 infants not exposed to antidepressants during the last 90 days of pregnancy had PPHN compared with 31.0 (95% CI, 28.1-34.2) per 10 000 infants exposed to antidepressants. This higher unadjusted risk among exposed infants was observed for both SSRI (31.5; 95% CI, 28.3-35.2 per 10 000 infants) and non-SSRI (29.1; 95% CI, 23.3-36.4 per 10 000 infants) antidepressants. After restricting to women with a depression diagnosis, the risks were 24.9 (95% CI, 23.7-26.1), 33.8 (95% CI, 29.7-38.6), and 34.4 (95% CI, 26.5-44.7) per 10 000 for unexposed, SSRI-exposed and non-SSRI exposed infants, respectively ( Table 2) .
In initial unadjusted analyses, the OR for PPHN was 1.51 (95% CI, 1.35-1.69) for SSRIs and 1.40 (95% CI, 1.12-1.75) for nonSSRIs ( Figure 1 and Figure 2 ). The association was attenuated after restricting the cohort to women with a depression diagnosis for SSRIs (OR, 1.36; 95% CI, 1.18-1.57), but not for nonSSRIs (OR, 1.38; 95% CI, 1.06-1.81). The C statistic for the pro- Downloaded From: on 09/10/2018 pensity score models in the cohort of women with a depression diagnosis was 0.83 for both medication classes, indicating there were remaining differences in patient characteristics between nonusers and users of both classes of antidepressants. Fine stratification by propensity score resulted in groups with very similar measured characteristics, as evidenced by the small standardized differences ( Table 3) . Associations were further attenuated after adjustment for the propensity score. The adjusted OR was 1.12 (95% CI, 0.95-1.31) for women exposed to SSRIs and 1.01 (95% CI, 0.76-1.35) for women exposed to nonSSRIs. Stratification on the high-dimensional propensity score yielded similar results (OR, 1.10; 95% CI, 0.94-1.29 for SSRIs and OR, 1.02; 95% CI, 0.77-1.35 for non-SSRIs) ( Figure 1 and Figure 2 ).
Restricting the cohort to term deliveries and redefining the outcome as PPHN in the absence of congenital cardiac malformations and lung hypoplasia generated slightly increased point estimates of risk for both SSRIs (high-dimensional adjusted OR, 1.28; 95% CI, 1.01-1.64) and non-SSRIs (high-dimensional adjusted OR, 1.14; 95% CI, 0.74-1.74) (Figure 1 and Figure 2 ). Restricting the cohort to term deliveries and defining exposure as having filled a prescription after the 20th week of pregnancy resulted in a high-dimensional adjusted OR of 1.14 (95% CI, 0.90-1.43) for SSRIs and 1.14 (95% CI, 0.77-1.69) for non-SSRIs.
Sensitivity Analyses
Requiring women to have filled at least 2 prescriptions in the 90 days before delivery did not result in stronger associations . These findings are consistent with well-established associations. Adding our study to the meta-analysis using a random effects model reduced the pooled OR from 2.50 (95% CI, 1.32-4.73) to 1.95 (95% CI, 1.08-3.54) for our base-case estimate, and to 2.03 (95% CI, 1.21-3.41) for the estimate of PPHN in the absence of cardiac malformations, hypoplastic lung, or prematurity (primary PPHN) (eFigures 1 and 2 in the Supplement). The I 2 was 82% when using the base-case estimate and 71% when using the estimate for primary PPHN, suggesting there may be substantial heterogeneity between studies. The P value for the χ 2 statistic was <.05 in both cases.
Discussion
In this cohort of 3 789 330 pregnancies in the Medicaid program from 46 US states and the District of Columbia, of which 128 950 were exposed to antidepressants late in pregnancy, after control for depression and other potential confounding factors, we found that SSRI exposure in late pregnancy may be associated with an increase in the risk of PPHN, but the magnitude of that risk is smaller than previous studies have suggested. Sensitivity analyses applying more stringent definitions of exposure (>1 dispensing) and outcome (PPHN with ventilatory assistance or extracorporeal membrane oxygenation) did not amplify the degree of observed risk. There was no evidence of a significantly increased risk associated with non-SSRI antidepressant medication use. Persistent pulmonary hypertension of the newborn can result from cardiac malformations, prematurity (eg, lungs with insufficient surfactant, meconium aspiration), structural lung abnormalities (eg, pulmonary hypoplasia), pulmonary vascular remodeling involving increased muscularization of pulmonary arterioles, or pulmonary vasoconstriction (eg, decreased production of or responsiveness to vasodilators such as nitric oxide and prostacyclin, or increased release of or responsiveness to vasoconstrictors). 1, [28] [29] [30] Analyses that focused on the outcome of PPHN in the absence of cardiac malformations, hypoplastic lung, or prematurity (thereby focusing on PPHN due to pulmonary vascular remodeling or maladaptation to circulatory transition) resulted in slightly increased point estimates for risks associated with SSRIs. The study that carried most weight in the recent meta-analysis 27 was a population-based cohort study con- lion pregnancies of at least 33 gestational weeks, 11 014 mothers (0.7%) had filled a prescription for an SSRI late in pregnancy. Thirty-three exposed women vs 1899 unexposed women had a diagnosis of PPHN, for an unadjusted OR of 2.5 (95% CI, 1.8-3.6) and an adjusted OR of 2.1 (95% CI, 1.5-3.0). Although the unadjusted estimates differ between the Scandinavian study and this study (OR, 2.5 vs 1.5, respectively), this is entirely driven by the risk among the unexposed. The risk among the exposed was 30.0 per 10 000 in the Scandinavian study and 31.5 per 10 000 in the current study, whereas the risk among the unexposed was 12.0 per 10 000 and 20.8 per 10 000, respectively. Since the referent in the Scandinavian study is the general population (as opposed to low-income Medicaid beneficiaries), the burden of comorbid illness is likely to be much lower in their reference group. Similar to the current study, the Scandinavian study accounted for a range of predefined potential confounding variables, including sociodemographic characteristics and chronic maternal disease in the adjusted analysis. However, in contrast to the current study, the population was not restricted to women with a diagnosis of depression in order to mitigate potential confounding by the underlying psychiatric illness and its associated conditions and behaviors, and proxies for unmeasured confounders were not considered. This study has several strengths, including its very large size, the objective assessment of drug exposure, access to medical records for outcome validation, the availability of information on a wide range of potential confounders, and the use of advanced epidemiologic methods to mitigate confounding. These characteristics allowed exploration of whether differences among earlier studies in design and analytic features could have explained the discrepant findings, including the consideration of PPHN secondary to congenital heart disease, prematurity, or both and the potential confounding role of the underlying depression and its associated factors. In addition, the study's large size enabled examination of the association for the less frequently used non-SSRIs.
This study also has some limitations. One concern is that the modest associations can be attributed to misclassification, because nondifferential misclassification of the exposure or the outcome will tend to bias results toward the null.
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This appears unlikely to explain the results. Although filling 1 prescription does not ensure that the medication was taken as prescribed, women who go through the effort to refill a prescription are more likely to be taking the medication. Sensitivity analyses in which women were required to have filled at least 2 prescriptions during the last 90 days before delivery did not result in stronger associations. We used a validated outcome definition with high positive predictive value to define PPHN. 18 There was no evidence of an increased risk when the outcome was redefined as severe PPHN. Our ability to reproduce the association between established risk factors (diabetes, obesity, cesarean delivery, black race) and PPHN suggests the outcome is defined with high specificity in the study. Adjusting for a large set of predefined and empirical potential confounding variables through use of propensity score stratification resulted in exposure groups with very similar measured characteristics, including important risk factors for PPHN such as diabetes, and nonsteroidal anti-inflammatory drug use. Nevertheless, information on some potential confounding factors is incomplete (eg, smoking) or absent (eg, maternal body mass index, diabetes severity), which may have resulted in residual confounding to the extent that these factors were not accounted for through adjustment for correlated variables (ie, proxies) identified in the high-dimensional propensity score analysis. Since most associations were null and these factors are expected to be more common among antidepressant-exposed women than among unexposed women, this is not a major concern. We cannot exclude the possibility, however, that the small increase in risk of primary PPHN observed for SSRIs is attributable to residual confounding.
Medicaid covers close to half of all births in the United States, making publicly insured pregnant women an important yet understudied population. The Medicaid population is younger and more racially diverse than commercially insured populations. Nevertheless, the etiologic findings from this study should be generalizable to other populations as these factors are not expected to affect the biologic relations studied.
It has been suggested that higher circulating levels of serotonin in the fetus might result in the vasoconstriction and smooth muscle cell proliferation that is characteristic of PPHN.
28,33-36 That could explain why the association was slightly stronger when PPHN cases potentially attributable Abbreviations: NSAIDs, nonsteroidal anti-inflammatory drugs; SSRI, selective serotonin reuptake inhibitor. a To account for the propensity score, the untreated observations were weighted using the distribution of the treated among propensity score strata. Propensity score strata that did not contain at least 1 treated woman and 1 untreated woman (ie, uninformative strata) were removed.
b Race or ethnic group was determined on the basis of information submitted to the Centers for Medicare & Medicaid Services by individual states, which was based on information that had been collected and coded from Medicaid applications. c Relates to current pregnancy; these variables were not included in the propensity score.
